Results of the nondipolar angular distribution parameter γ are presented for two cases of photoionization with substantially different photon energies, Kr 1s in the hard x-ray regime, and He 1s in the vuv regime. The nondipolar asymmetries are apparent even at low energies. The presence of dipole and quadrupole resonances strongly modifies the energy dependence of the nondipolar asymmetry parameter γ. Measurements of γ can be used as a spectroscopic tool to characterize quadrupole resonances that are not accessible in photoabsorption measurements.
INTRODUCTION
The vast majority of the phenomena observed in the absorption of photons in matter can be understood on basis of the dipole approximation. In a multipole expansion of the interaction the dipole part is always the dominant one, but at high energies, when the x-ray wavelength approaches the length scale of the atom, the dipole approximation alone may not be sufficient. Yet, the presence of higher multipoles in the photon-atom interaction can be felt even at low photon energies if photoelectron angular distributions are being studied. In particular, the odd-parity dipole interaction and the even-parity quadrupole interaction interfere with each other giving rise to a term in the angular distribution that is odd under inversion. The interference term causes an asymmetry of the angular distribution with respect to the propagation direction of the photon. The interference term vanishes in the integral cross section and it also vanishes in the plane perpendicular to the photon beam where photoelectron angular distributions are most commonly measured. In the following we will describe measurements of the forward-backward asymmetry of the photoelectron angular distribution as a means of accessing information on the nondipolar contents in the interaction. The apparatus used in these measurements exploits special symmetry properties of the photoelectron angular distribution to eliminate the dependence on the polarization characteristics of the photon beam and to reduce instrumental anisotropies. We report results of the nondipolar angular distribution parameter γ for Kr 1s from threshold at 14.3 keV up to 22 keV [1] . As a second example, we present results on the nondipolar asymmetries of He 1s photoionization with 60 eV photon energy in the region of the doubly excited autoionization resonances [2] .
THEORETICAL FORMALISM
In the quantum mechanical description of the interaction of a photon with an atom the transition operator contains the oscillatory factor e ik k k r r r . Here k is the momentum vector of the photon in atomic units and r is the position vector of the ionized atomic electron. In the dipole approximation the exponential is approximated by unity, assuming kr ¡ 1. Going beyond the dipole approximation, the plane wave can be expanded in partial waves [3] or in multipoles E1¢ M1¢ E2¢ M2¢ ¤ £ ¤ £ ¥ £ [4, 5] . Grouping the expansion terms of orders of k is referred to as the retardation expansion. The leading term in the retardation expansion is unity and thus represents the dipole approximation. It corresponds to the long-wavelength limit of the dipole term, E1, in the multipole expansion. Going to the second term in the retardation series amounts to including the long-wavelength limits of the magnetic dipole, M1, and electric quadrupole, E2. At higher orders the correspondence between terms of the retardation and multipole expansions cannot be made as easily. The multipoles have alternating parities with increasing order j, π¦ E j § 1 § j and π¦ M j § ¦ 1 § j 1 , and transfer j units of angular momentum in the interaction. Between electric quadrupole and magnetic dipole the latter is expected to be very weak as it vanishes within the framework of central field calculations [6] . In the present context we will be mainly concerned with electric dipole and electric quadrupole components and the resulting first order retardation correction.
The angular distribution of the emitted photoelectrons depends on the square modulus of the transition matrix element. If the transition operator is written as a coherent sum of two terms, e.g. T¨E1 E2, then the square modulus of the transition matrix element T ! 2 will contain cross terms 
The leading retardation correction in the differential cross section beyond the standard dipole approximation contains the E1-E2 interference term in the short-wavelength limit. This term is of order k and has odd parity which causes a forward-backward asymmetry in the angular distribution. The differential cross section with the first order correction, for linearly polarized photons, can be written as [6] 
The quantitiesε ε ε¢k k k¢p p p are the unit vectors of the polarization, beam, and electron emission directions, respectively. In addition to the usual anisotropy parameter β the differential cross section contains two nondipolar asymmetry parameters, γ and δ. In the way these two parameters were defined, δ¨0 for the ionization of s electrons. For ionization of s electrons the asymmetry parameter γ depends on the photon energy ω, the radial matrix elements for electric dipole and electric quadrupole transitions R 1 ¢ R 2 , and the phase differences of the ougoing partial waves from electric dipolar and electric quadrupolar photoionization
with α being the fine structure constant. The second order retardation correction, order k 2 , has even parity and is therefore forward-backward symmetric. The form of the differential cross section including the second order correction can be found in [7] . The second order correction adds two more independent angular distribution parameters.
EXPERIMENTAL TECHNIQUE
The apparatus used in the present experiments is a considerably improved version of the one used in our previous experiments [8] . The setup was specifically designed for the measurement of the nondipolar forward-backward asymmetries. The new apparatus utilizes four parallel plate electron analyzers (PPAs) mounted on a common rotation stage. The four PPAs are mounted such that they are aligned along the space diagonals in the cartesian coordinate frame, viewing the interaction region in the center (Fig. 1) . In this position the analyzers are at the magic angle θ m¨5 4£ 7 with respect to all three axes. When the signals of the two analyzers in the forward hemisphere are added together, and the signals of the two backward analyzers are added, then the sum signals are independent of the degree of polarization or the orientation of the polarization vector in the plane perpendicular to the beam axis [9] . The signals are also independent of the anisotropy parameter β. Furthermore, because the geometry of each analyzer with respect to the interaction region is the same for all four analyzers, the instrumental anisotropies are small. With the rotation stage the individual analyzers can be repositioned so that during a measurement each analyzer collects data at all four positions. In this way the efficiency differences between the analyzers are compensated.
Denoting the signals of the four PPAs at the angular positions shown in Fig. 1 The presence of a nonzero ξ therefore affects the result of γ 3δ if it is extracted from the observed asymmetry using Eq. (3) . The values of ξ calculated by Derevianko are generally ¡ 1 so that the correction in equation (4) is mostly negligible. Also, δ¨0 in the two cases of 1s ionization studied in this report.
RESULTS FOR Kr 1s
The measurements for the nondipolar asymmetry of 1s photoionization in krypton were carried out at the BESSRC-CAT 12-ID undulator beam line of the Advanced Photon Source at Argonne National Laboratory. The measurements covered the energy range from 11 eV above the Kr-K edge to 8000 eV above (x-ray energy 14.3 keV -22.3 keV). A complete account of these measurements will be given elsewhere [1] . Fig. 2 shows the energy dependence of the parameter γ¦ Kr1s § . The data points below 1 keV have negative γ indicating preferential backward emission of the photoelectrons. Near 1 keV the nondipolar asymmetry vanishes with γ¨0 and above 1 keV the asymmetry is positive and increasing with energy. Fig. 2 contains also the prediction of relativistic IPA calculations [10] for this case. The calculation is able to include retardation to all orders. However, in order to demonstrate the degree by which the measurement of γ is affected by the omission of the second order contribution we show the result of the first order retardation correction as a full line, and include for comparison the asymmetry resulting from first plus second order retardation corrections. Clearly, the first order calculation reproduces the experimental data very well. The distortion by the presence of the second order correction is less than the experimental error and apparent only at the the highest energies in this measurement.
The energy dependence of the nondipolar asymmetries in Kr is reminiscent of the ones observed in Ar [8] , however with Kr having much larger negative values in the low energy region and the zero crossing of the γ parameter being at a much higher energy for Kr. The energy dependences of γ¦ 1s § for different Z smoothly follow this trend of more negative values and shifting of the zero crossing to higher energies for increasing Z. On the low Z end the curves converge on the positive-definite square-root-like energy dependence of the point-Coulombic case of hydrogen. 
RESULTS FOR He 1s
In helium already the lowest doubly-excited state lies energetically above the ionization energy. The resonantly excited neutral states decay rapidly via autoionization. The interference of the sequential process of excitation followed by decay with the direct process leads to the well known Fano-resonance structure in the energy range between 60.1 eV and the double ionization limit at 79.0 eV. The dipole-allowed 1 P o series have been studied and characterized with great precision and detail in photoabsorption experiments [11] . The resonance series with couplings and parity other than 1 P o are observed in electron scattering experiments [12] .
The intent of this measurement was to measure the nondipolar asymmetry at low photon energies and to study the influence of the dipole and (dipole-forbidden) quadrupole autoionization resonances on the nondipolar asymmetry (cf. [13, 14] ). The low-energy measurement for helium was performed at the PGM Undulator beam line at the Synchrotron Radiation Center (SRC) of the University of Wisconsin. The complete results of this measurement and a more detailed description can be found in [2] . Fig. 3 shows in the lower panel the signal of an ion detector when scanning the monochromator across the region of the lowest-lying 1 D e and 1 P o resonances. Only the dipole resonance is observed in the ion signal. A fit to these data, with convolution to the bandpass function of the monochromator, results in values for the dipole resonance parameters that are in excellent agreement with those from the state-of-the-art measurements of this resonance series [11] .
In the upper panel of Fig. 3 the nondipolar asymmetry parameter γ is shown for the same region. Outside the resonances γ has a value of about 0.08, but γ displays pronounced variations at both the dipole and quadrupole resonance energies. In the The functional form of the nondipolar asymmetry in the region of the lowest series of autoionization resonances (one continuum) has been derived by Martin [15] . Starting from Eq. (2) and using the well-established formalism of Fano [16] for both dipole and quadrupole,
where ε¨¨ω ω© Γ© 2 and cot ∆¨¨ ε¨. The superscript ¦ r § on γ stands for resonant and γ 0¡ is the nondipolar asymmetry in the absence of the resonances. The quantities with indices 1¢ 2 refer to the electric dipole and electric quadrupole interactions, respectively, and concern the Fano q¨parameter, the resonance widths Γ¨, and resonance energies ω¨. Using Eq. (5) as a fit function to the observed nondipolar asymmetries, further requires proper accounting for the finite bandwith of the monochromator.
By fitting the observed nondipolar asymmetry we obtained the Fano resonance parameters for both the dipole and quadrupole resonances, the off-resonance asymmetry γ 0¡ and also the off-resonant phase shift difference cos¦ δ 2
. It is the presence of the resonances with their well-defined resonance phase shifts that allows the separation of γ 0¡ into the radial matrix-element ratio and the phase shift difference, which otherwise would not be possible.
This measurement is the first experimental determination of the Fano resonance parameter q 2 ¦ 2p 2 1 D e § © 0£ 25¦ 7 § . This value differs significantly from the theoretical predictions q 2¨ 1 [17, 18] . This quantity is not accessible in scattering experiments. Also the resonance position and width of the quadrupole resonance were determined in this experiment to higher precision than before [2] . The measurement of the nondipolar asymmetry establishes a new spectroscopic tool to characterize accurately the dipoleforbidden quadrupole resonances.
CONCLUSION
Nondipolar effects are noticeably present in the angular distribution of photoelectrons. The influence of higher electric quadrupole components in the photon beam manifests itself as a forward-backward asymmetry in the angular distribution with respect to the beam direction, leaving the plane perpendicular to the photon beam and angle-integrated cross sections unaffected. In general the nondipolar asymmetries increase with energy, but the individual energy dependences can be strongly influenced by variation of the dipole or quadrupole amplitudes and the phase difference between outgoing partial waves for dipole and quadrupole interactions. As an example we presented data for the energy dependence of Kr 1s photoelectron up to 8 keV above threshold. The variations of the observed nondipolar asymmetry become very pronounced in the region of resonances. The variation of the nondipolar asymmetry can be used as a spectroscopic tool to characterize quadrupole resonances that are too weak in intensity to be observed directly in photoabsorption. This was shown in the case of helium. Even at photon energies as low as 60 eV the nondipolar asymmetries and the influence of autoionization resonances are distinctly observable. We observed similarly strong variations in the region of the cross section minimum in Xe 5s photoionization near 20 eV photon energy, which will be the subject of a separate publication.
